Abstract-The forecasted growth in the Internet traffic has made the operators and industry to be concerned about the power consumption of the networks, and to become interested in alternatives to plan and operate the networks in a more energy efficient manner. The introduction of OFDM, and its property of elastic bandwidth allocation, opens new horizons in the operation of optical networks. In this paper, we compare the network planning problem in an elastic bandwidth CO-OFDM-based network and a fixed-grid WDM network. We highlight the benefits that bandwidth elasticity and the selection of different modulation formats offer in terms of energy efficiency.
I. INTRODUCTION
The Internet traffic has been growing considerably during the last years due to the increase in the number of users, but mainly to the popularity of applications with high-capacity requirements, such as social networks and especially online video services. According to [1] , the traffic in the core network has already been growing at 45 % per year on the average since 2004. This percentage will probably be higher in the near future since, as predicted in [1] , in 2015 the number of devices connected to IP (Internet Protocol) networks will be twice as high as the global population, and the global IP traffic will be four times larger than in 2010. This incessant rise in traffic has made the telecom operators and industry to mainly focus the research on increasing the network capacity, which is usually also accompanied by an increase in power consumption. Based on the estimations in [3] , the power consumption of the ICT (Information and Communications Technology) accounted approximately for the 4% of the global energy consumption in 2009. Thus, the forecasted traffic growth will make the power consumption to become a significant problem for operators. Moreover, this increase in power consumption has not only economical (operational and capital expenditures of telecom operators), but also ecological implications, due to the growth of the carbon footprint of the telecommunications sector. Nowadays, the ICT sector is responsible for the production of 2-2.5 % of the global greenhouse emissions as estimated by the ITU (International Telecommunication Union) in [4] . In this context, energy efficiency is becoming one of the relevant parameters in the network planning and its operation.
The current optical transport networks are based on WDM (Wavelength Division Multiplexing) to transport information on different wavelengths. In the last decades, the research has been focused on enlarging the network capacity by increasing the individual wavelength capacity. Hence, the transport WDM-based networks are to evolve from 10 to 40 Gb/s, and to 100 Gb/s in the future. However, considering a single-layer network design, this type of transmission systems present an inefficiency problem due to the coarse granularity of a wavelength, i.e. a full wavelength capacity is assigned to a connection even if the connection demand is much lower. Therefore, it is considered that there is room to increase the efficiency, making the network more flexible, by introducing a finer granularity. In order to obtain this aimed network flexibility, optical OFDM (Orthogonal Frequency Division Multiplexing) may play an important role to substitute the conventional WDM systems. This modulation technique, widely deployed in wireless systems, permits an elastic bandwidth transmission and the reception of channels not aligned with the ITU grid (50 GHz, 100 GHz). Accordingly, the actual transmission rate can be better adjusted to traffic demand, expanding or contracting the bandwidth of an optical path, by allocating a variable number of low-rate subcarriers which is referred in the literature as Spectrum-sLICed Elastic optical path network "SLICE", as presented in [5] . Furthermore, the use of DSP (Digital Signal Processing) techniques and coherent detection, introduces the possibility of modulating a subcarrier with different modulation formats, making it possible to select the most appropriate one according to different parameters such as the channel conditions, or the most efficient format in terms of energy or spectral efficiency. The idea of adapting the modulation format to the path lengths is introduced in [6] , [7] and [8] as "distance-adaptive spectrum allocation". The paper is organized as follows. Section II introduces some important characteristics of the Elastic OFDM network and WDM for the network planning. Section III contains the values of power consumption that are used in our analysis. Section IV explains the heuristic algorithms used to solve the network planning problem (offline routing). Section V presents the simulation results. Finally, Section VI concludes the paper.
II. NETWORK CONSIDERATIONS

A. Elastic OFDM Network
This technology permits a flexible bandwidth transmission by allocating a variable number of low-rate subcarriers. Then, according to the requested capacity, the CO-OFDM (Coherent Optical-OFDM) transponder can adjust the number of contiguous subcarriers, and their modulation format. In order to maintain the orthogonality condition among subcarriers, the subcarrier spacing must be equal to the baud-rate, so that, the transmission rate (TR) of a single subcarrier can be defined by NoF'11 2011 International Conference on the Network of the Future the subcarrier bandwidth (B) and the subcarrier modulation order (M), as follows:
In our analysis, a frequency slot B (minimum bandwidth unit for a subcarrier) of 12.5 GHz has been selected, so that the total number of subcarriers in the C-Band (4 THz) is 320. In terms of transmission rate, this frequency slot corresponds to 12.5, 25, 37.5, 50, 62.5 and 75 Gb/s for BPSK, QPSK, 8QAM, 16QAM, 32QAM and 64QAM modulation formats respectively. Then, an optical path can be composed of a variable number of contiguous subcarriers modulated with the same format. This variable number depends on the capacity requested, and there is no limitation in the maximum capacity for a single path. Thus, the capacity (TR) of an optical path is given by the number of subcarriers (N) and their subcarrier transmission rate:
In addition, a guard band of 2 subcarriers (25 GHz) is introduced between the adjacent optical paths, so that the OXC is able to add or drop any of the paths. Concerning the modulation order selection, choosing a higher order is convenient to increase the spectral efficiency. However, as the modulation order is increased, the spacing among the symbols in the signal constellation is decreased, affecting in this manner the receiver sensitivity, and reducing the transmission reach. Accordingly, this effect must be considered when selecting the modulation format. Specifying an accurate value of transmission reach requires an extensive study in terms of OSNR, considering the several physical factors affecting the transmission in each of the links. However, in our analysis, some assumptions have been made to obtain some realistic values. Firstly, the so-called "half-distance law" in [9] is considered, which states that "for every 3 dB gain in SNR, an additional bit can be added per symbol", implying the possibility of increasing the modulation order by halving the transmission distance. Secondly, the spectrum has been assumed to be flat, so that all the frequencies have the same conditions. Based on the previous assumptions and the values presented in [10] , transmission reaches of 4000, 2000, 1000, 500, 250 and 125 km have been assumed for BPSK, QPSK, 8QAM, 16QAM, 32QAM and 64QAM respectively.
B. WDM Networks
In the WDM network, a 50 GHz grid (80 wavelengths) and three different transmission systems of 10, 40 and 100 Gb/s, with corresponding transmission reaches of 3000, 1500 and 1200 km respectively, have been considered. The analysis has been performed for two types of WDM networks, one with a Single Line Rate (SLR), and another one with Mixed Line Rate (MLR) that combines the transmission of the three mentioned line rates. In this MLR network, since different technologies are mixed, some cross-talk between the wavelengths of the different technologies may occur, affecting the signal quality and therefore reducing the transmission reach. In order to minimize this effect, the C-band has been divided into two different wavebands separated by a guard band of 200 GHz. The first waveband is dedicated to 10 Gb/s connections, whereas the second one is dedicated to serve connections using 40 and 100 Gb/s, which can be alternated without significantly affecting the signal quality of each other.
III. POWER CONSUMPTION
The main difference in the deployment of the two networks lies in the transponder and the optical-cross connect (OXC). In the Elastic OFDM network, the same type of bandwidth variable transponder (CO-OFDM) can be used in spite of the bandwidth or the modulation format, due to the possibility to modify the signal properties (modulation format, bit-rate, and number of subcarriers) by software. On the other hand, in WDM, a different hardware is required for each of the transmission rates. Regarding the OXC, in an Elastic network, a bandwidth variable OXC, based on flexible-grid WSS (Wavelength Selective Switch), is necessary in order to allow for adding or dropping any signal regardless of its spectral position.
A. Transponders
In the WDM case, the values in [11] of 34, 98 and 188 W are considered for transponders of 10, 40 and 100 Gb/s respectively. However, for the Elastic OFDM network, due to the current unavailability of commercial devices, some assumptions have been made to derive realistic values. In order to do so, the architecture of a CO-OFDM transponder with electrical generation has been compared with the one of a WDM coherent transponder to extract the main similarities and differences. Thus, since the architectures at the receiver part are the same (both are coherent receivers), the main difference lies at the transmitter part, where the CO-OFDM one contains a DSP module and 2 DACs. Therefore, in a CO-OFDM transponder, DSP is required at both the transmitter and the receiver, whereas in a WDM coherent transponder it is only present at the receiver part. In this manner, this presence of DSP at the transmitter has been considered as the main distinction between both types of transponders, and therefore, the comparison can be based on the computational complexity. Regarding this matter, a comparison of the number of complex multiplications per second between a PDM-QPSK and a PDM-OFDM transponder with the same transmission rate (40 Gb/s) is presented in [12] . The result shows a similar number of complex operations in both types of transponders, even though at the CO-OFDM transponder, the DSP module is present at both the transmitter and the receiver part. This is justified by the lower processing at the CO-OFDM receiver with respect to the coherent WDM transponder. Accordingly, based on the similar DSP complexity, the same power consumption has been assumed for a 40 Gb/s PDM-QPSK and a PDM-OFDM transponder. Besides, a linear dependency between the transmission rate and the number of operations at the DSP modules is assumed, so that the power consumption scales linearly with the transmission rate independently of the modulation format. Finally, based on the previous assumptions and the power consumption values in [11] , 113 and 188W for coherent dual-polarization transponders of 40 and 100 Gb/s respectively (56.5 and 94 W for 20 and 50Gb/s in a single polarization respectively), the power consumption of a single polarization CO-OFDM transponder can be interpolated as function of its transmission rate (TR) as in (3).
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modulation formats. Furthermore, an additional power consumption of 20% has been considered to account for the overhead contribution in both types of networks. 
B. Optical Line Amplifiers
The power consumption in [11] for an EDFA (Erbium Doped Fiber Amplifier), 60 W per fiber pair (2*30W), has been assumed for both network types. Furthermore, 140 additional watts per amplifier location have been considered to account for the overhead contribution (power supply, management card, fan unit, etc).
C. Optical Cross Connects (OXC)
The power consumption of a fixed bandwidth OXC and the bandwidth variable OXC have been assumed to be similar, dependent on the node degree N, and considering an overhead contribution of 150W per node location as estimated in [11] :
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IV. ALGORITHMS The characteristics mentioned in Section II are considered in the elaboration of the algorithms. Accordingly, the main differences of the Elastic OFDM network lie in the contiguous spectrum allocation constraint (subcarriers in an optical path must be contiguous), the different modulation formats, and the higher number of subcarriers in the Elastic OFDM network (320) compared to the wavelengths in WDM (80). Due to the mentioned differences, the Routing and Wavelength Allocation (RWA) algorithms used for conventional WDM networks are not applicable for an elastic network based on OFDM. The resource allocation algorithms in the Elastic OFDM network is known as Routing, Modulation Level and Spectrum Allocation (RMLSA), as introduced in [8] . Since these problems are NP-complete, we have elaborated some heuristic algorithms to solve them in both types of networks providing a fair comparison between them. The following common parameters are used as inputs for the energy-aware algorithms: traffic demand matrix between network nodes, the physical network topology, the power consumption of the different elements of the network, and the transmission reach of the modulation formats.
Finally, the energy efficiency measure is calculated by dividing the total traffic demand successfully served in the network by the total power network consumption. Besides this energy efficiency measure, the blocking ratio (total traffic blocked/overall traffic summing all the traffic demands) is considered to evaluate the performance of the network.
A. RMLSA
The demands are served one-by-one following the highest demand first ordering strategy. A set of k candidate paths between source and destination nodes are calculated, and for each of them, the possible modulation formats are determined by comparing the path length with the transmission reach, and by checking the availability of contiguous subcarriers (data subcarriers plus guard band) in the links of the path. In this way, for each of the suitable combinations of path and modulation format, a metric based on the end-to-end power consumption for the path is calculated (considering the transponder and the network elements that would be traversed in the path). Finally, the most energy efficient combination of path and modulation format is adopted, allocating the corresponding contiguous subcarriers in the links of the path.
B. RWA for SLR transmission
Simpler operation than in the RMLSA algorithm, since only one modulation format is considered and wavelengths can be allocated without the contiguous spectrum allocation constraint. After checking the allocation in the possible paths, the least power consuming path is selected and the appropriate wavelengths are assigned in the links of the path.
C. RWA for MLR transmission
Similar to the RWA algorithm, but selecting the combination of line rates providing the lowest power consumption at the transponders. If the allocation is not possible with this combination for a path, a movement of the guard band in the links can be considered to increase the number of wavelengths in a band. If after evaluating all the k paths, there is no feasible solution for the allocation, the allocation procedure is repeated again with a different combination of line rates. In case of several feasible paths for the allocation, the least power consuming one is selected.
V. SIMULATION RESULTS
Simulations in two different-sized network topologies have been carried out under different traffic conditions, by scaling the network traffic demand matrix. It is important to note that a single fiber pair has been considered per link in the analysis.
A. DT Network
DT is a country-sized network with a diameter of 800 km, and composed of 14 nodes and 23 bidirectional links as presented in the DICONET project [13] . Due to the dimensions of the network, it is considered as a fullytransparent network, given that all the connections can be served without any regeneration. The traffic demand matrix in [13] for 2009 has been used as reference which presents an overall traffic demand of 2.8 Tbit/s. Five candidate paths (k=5) have been considered in the algorithms.
As showed in Fig.1 , the Elastic OFDM network and the MLR WDM network offer similar energy efficiency under any traffic condition, and clearly outperforming the different SLR WDM networks. The main reason is that both networks are able to exploit the flexibility given by different transmission rates and the finer granularity, which allow for a better adjustment of the transmission rate to the actual capacity requested. This granularity benefit is more relevant under low NoF'11 2011 International Conference on the Network of the Future traffic demand conditions, and it is especially noticeable compared to the 100 Gb/s network, since in this case, the low demand does not justify the use of such a high-capacity wavelength. However, as the traffic matrix is scaled up by several times, the granularity benefit becomes less relevant. Thus, in the Elastic Network the low-rate modulation formats, such as BPSK and QPSK, are progressively replaced by higher modulation orders such as 8QAM and 16QAM. On the other hand, in the MLR, as the traffic increases, the 100 Gb/s wavelengths are progressively becoming the predominant. Under these high traffic conditions, the energy efficiency of the 100 Gb/s network is improved, becoming very close to the Elastic OFDM and the MLR networks. The slight difference in energy efficiency between the Elastic OFDM and the MLR networks is justified, under low traffic conditions, from the better adjustment of the allocated capacity to the actual demand offered by the Elastic network, due to the finer granularities of the different subcarrier modulation formats, compared to the wavelengths in MLR. On the other hand, under high traffic load, a better capacity adjustment is offered by the MLR due to the possibility of serving a demand with wavelengths of different capacities, whereas in the Elastic OFDM it is not possible to assign different bitrates (or modulation formats) to the contiguous subcarriers of an optical path. This can be advantageous in some cases, for instance, a 105 Gb/s demand could be served with a 100 Gb/s and a 10 Gb/s wavelength in the MLR, whereas in the Elastic network the best combination would be given by 3 subcarriers of 37.5 Gb/s (8QAM), implying the low utilization of one of the subcarriers with the consequent worse energy efficiency.
The increase in traffic also entails the use of more resources. Thus, it is shown that after scaling up the traffic matrix by several times, the high spectrum occupancy makes some of the demands to be blocked due to the unavailability of resources in some of the links. The service blocking ratio can be observed in Fig. 2 and Table II , which show the significant lower blocking of the Elastic OFDM network compared to the other networks. This lower blocking ratio gives the possibility of allocating more traffic in the network, with the consequent reduction in power consumption. Thus, despite the similar result in energy efficiency, the Elastic OFDM network (46*TM) considerably outperforms the MLR solution (20*TM) allowing for transporting more than double amount of traffic under non-blocking circumstances.
B. GÉANT2 Network
GÉANT2 is the European research and education network with a continental size (diameter of 7000km), and composed of 54 nodes and 52 bi-directional links, as presented in the DICONET project [13] . The traffic matrix used as reference is also presented in [13] , with an overall traffic capacity of 2.394 Tb/s. Unlike the DT Network, the large size of this network makes the transparent reach not possible for some of the connections, due to the accumulation of physical impairments along the optical path. Thus, regenerators have been placed in some network nodes. The number and placement of the regenerators have been determined after simulations focused on finding a combination allowing for both, the realization of all the traffic demands for the DICONET traffic matrix, and the deployment of the minimum number of regenerators. As a result, regenerators were placed in four network nodes (Switzerland, Denmark, Luxembourg and Malta). Twelve candidate paths (k=12) have been considered in this analysis, since better results in terms of blocking were obtained by increasing k. Due to the long distances of some paths in this network, only 10 Gb/s is considered for a SLR, since 40 and 100 Gb/s would require the a high number of regenerators, implying a considerably increase in power consumption.
In Fig.3 , a similar performance in terms of energy efficiency can be observed for all the analyzed networks under low traffic conditions. This is justified by the network physical topology (many paths with long distance) and the traffic matrix containing many low rate demands (average of 3.015 Gb/s for the original traffic matrix) that make the modulation format providing the longest transmission reach and using the minimum granularity, to be the predominant one. Thus, in the Elastic OFDM network, most of the subcarriers are modulated with BPSK, whereas in the MLR network most of the connections are served by 10 Gb/s wavelengths. The use of low spectral efficient modulation formats also implies a considerable increase in the spectrum occupancy, and therefore, in the probabilities of blocking when the traffic increases. Regarding this matter, Fig. 4 and Table III show the significant benefits, in terms of blocking, of the Elastic OFDM network compared to the MLR and 10 Gb/s SLR networks. In this manner, while in the Elastic OFDM network it is possible to scale the traffic matrix up to 12 times, in the other two networks, it is only possible to do it twice without blocking.
VI. CONCLUSION In this paper, we have considered the energy efficiency in the network planning of optical networks. We have introduced the values of power consumption for network elements in both a WDM and an Elastic OFDM-based network. In order to study the energy efficiency and the network blocking in the network planning problem (offline routing) of an Elastic bandwidth OFDM-based network and a WDM network with both Single Line Rate (SLR) and Mixed Line Rate (MLR), we defined the corresponding heuristic algorithms to solve the RMLSA (Routing, Modulation Level and Spectrum Allocation) and the RWA (Routing Wavelength Assignment) problems. Based on these algorithms, simulations were carried out in two different-sized network topologies to check the influence of network size. In a country-sized network, under low traffic circumstances, the Elastic OFDM network is more energy efficient than any of the WDM networks, due to its finer granularity, but as the traffic increases, the granularity benefit becomes less relevant, getting its energy efficiency very close to the ones of 100 Gb/s SLR and MLR. However, the considerable low blocking ratio of the Elastic OFDM makes it the most energy efficient solution, due to the possibility of transporting higher volumes of traffic than the other networks. On the other hand, in the continental-sized network, under low traffic conditions, the Elastic OFDM network presents similar energy efficiency to the 10 Gb/s SLR or MLR network, but as the traffic increases, the Elastic OFDM network becomes the most appropiate solution, both in terms of energy efficiency and especially in terms of blocking. Accordingly, the Elastic OFDM-based network can be considered as an attractive solution to enhance the energy efficiency of the networks of the future, in both country and continental-sized topologies, thanks to the benefits of a fine granularity and the adaptive modulation. In order to better account for the benefits of the blocking ratio in terms of energy efficiency, it might be interesting to consider more fiber pairs per link, instead of a single one. Furthermore, in this paper we only covered a static scenario, but we consider the extension to a dynamic scenario with time-varying connections, as an interesting topic for our next investigations. 
